Under certain culture conditions, Miracil (35 ,ug/ml) 
Under certain culture conditions, Miracil (35 ,ug/ml) halts the growth of uninfected Escherichia coli. Cellular ribonucleic acid (RNA) synthesis is almost completely suppressed, whereas deoxyribonucleic acid and protein synthesis are inhibited to a lesser extent. When the drug is added to host bacteria prior to infection with bacteriophage MS2, the phage adsorb to the cells, but penetration of the viral RNA is inhibited. Penetration may be achieved without further viral development by infection in the presence of chloramphenicol. If the bacteria are infected with MS2 in the presence of chloramphenicol, subsequently washed to remove the chloramphenicol, and then treated with Miracil at any time between 0 and 20 min postinfection, a second viral function is inhibited and the yield of progeny phage is reduced. Addition of the drug after 20 min postinfection does not inhibit the infection process. When Miracil is present from early times in infection, only a limited synthesis of both double-and single-stranded virus-specific RNA is observed. The viral RNA species thus produced do not appear to differ from those made in the absence of the drug. A comparison of the activities of the viral RNA synthetase produced during the course of infection in the presence and in the absence of Miracil suggests that a possible cause of the inhibition is the synthesis of an unstable enzyme in the presence of the drug.
During infection of Escherichia coli with most ribonucleic acid (RNA) bacteriophages, a high rate of normal cellular macromolecular synthesis persists and it is difficult to label phage-specific RNA and protein species selectively with radioisotopes. Actinomycin, rifampin, and ultraviolet irradiation of the bacterial cells have been used as methods to inhibit host RNA synthesis. However, viral replication may be abnormal after any of these treatments since phage yield is markedly reduced, and some RNA species not found in untreated infected cells are observed (5, 7, 9, 14) .
This report describes a new method, using the drug Miracil D, for suppressing E. coli-directed RNA and protein synthesis during infection by the RNA bacteriophage MS2. Miracil acts in a manner similar to actinomycin, inhibiting deoxyribonucleic acid (DNA)-dependent RNA synthesis by complexing with the DNA (21) . In contrast to actinomycin, however, the host cells are permeable to Miracil and need not be I Present address: Laboratory of Molecular Biology, Uni- versity of Wisconsin, Madison 53706. sensitized to drug action by preliminary treatment with tris(hydroxymethyl)aminomethane (Tris)-ethylenediaminetetraacetic acid (EDTA) (11) . This not only simplifies experimental manipulations but eliminates artifacts resulting from the Tris-EDTA treatment, which is known to affect cellular metabolism extensively under certain conditions (12, 15) . The experiments discussed here deal with selective labeling of viral RNA. Evidence for selective labeling of viral proteins in the presence of Miracil has been presented elsewhere (3) .
MATERIALS AND METHODS
Chemicals. Thymidine-methyl-3H, uracil-6-3H, and l-leucine-4,5-3H were purchased from Schwartz BioResearch, Inc Although the CaCl2 concentration in all these media was reduced to 10-4 M, phage production and the extent and kinetics of infective center formation were the same as in the higher Ca2+ concentration (2 X 10-3 M) usually used for RNA phage infection.
Biological assays. All dilutions of phage and cells were made through MS broth from which the glucose, CaCl2, and thiamine had been omitted. Plaque assays and viable counts were done by using the agar layer technique. E. coli C3000 grown to 108 to 2 X 108 cells/ml in MS broth was used as plating bacteria.
Infective centers were defined as infected cell complexes and did not include free phage particles. They were measured by adding 0.1 mnl of an infected culture to 0.9 ml of a 1: 300 dilution of MS2 antiserum (K = 1,040) at 4 C. After 5 min in antiserum, the infected cells were diluted and plated immediately.
To titer intracellular plus extracellular phage, 0.1 ml of an infected culture was diluted into 0.8 ml of 0.033 M Tris, pH 8. Then 0.1 ml of lysozyme (4 mg/ml in 0.25 M Tris, pH 8.1) and 0.2 ml of EDTA (4% in distilled water) were added and the samples were incubated for 10 min at 0 C. The cells were lysed by the addition of 0.8 ml of 0.1% sodium dodecyl sulfate (SDS; Matheson, Coleman, and Bell), and the phage were titered.
Infectivity assays of MS2 RNA were performed with the E. coli spheroplast system of Strauss and Sinsheimer (18) .
Chloramphenicol synchronization of infection. The synchronization procedure is an adaptation of that used by Kelly et al. (10) . Uninfected cells were incubated for 5 min in chloramphenicol, 25 pg/ml, and the culture was infected with the desired multiplicity of MS2. After an additional 5 min of incubation, the cells were collected by filtration on a cellulose nitrate filter (Millipore HAWP, 0.45 pAm pore size), washed with two volumes of media to remove the chloramphenicol, and resuspended in growth medium warmed to 37 C. This was taken as time zero. The phage RNA penetrates in the presence of chloramphenicol, but the infection proceeds no further until the drug is removed since the viral RNA synthetase is not synthesized in its presence.
Radioactivity measurements. Incorporation of 3H-uracil and 3H-leucine into cold and hot trichloroacetic acid-insoluble material, respectively, was measured by precipitating 0.5-ml samples of labeled cultures with 2.0 ml of 7% trichloroacetic acid. Incorporation of 3H-thymidine into cold acid-insoluble material was also measured by precipitation of labeled samples with 7% trichloroacetic acid, except that the samples were first incubated in 0.5 N KOH at 37 C for 12 hr. Denatured calf thymus DNA (100 pg) was added as carrier to all radioactive samples.
Labeled RNA was detected on sucrose gradients by the following method. Each gradient fraction was diluted with 1.0 ml of a buffer containing 0.1 M Tris (pH 7.4), 0.01 M MgCl2, and 0.1 M NaCl (TMS buffer). Cart ier was added, and the samples were precipitated with cold trichloroacetic acid as above. If the ribonuclease resistance of the RNA in each fraction was to be determined, one half of the sample was precipitated and counted; the other half was incubated at 37 C with 25 pAg of ribonuclease per ml (Bovine Pancreas, Type I-A, Sigma Chemical Co.) for 30 min to digest any single-stranded RNA prior to precipitation and counting.
Acid precipitates were collected on Whatman glass filters. Dried filters were placed in scintillation fluid which contained 42 ml of Liquifluor (New England Nuclear Corp.) per liter of toluene and counted in a Beckman scintillation counter.
Phenol extraction and sedimentation of RNA. All RNA extraction procedures were carried out at 0 to 4 C. Cells were chilled, collected by centrifugation, and resuspended in 1.0 ml of 0.1 M Tris, pH 7.4. After the addition of 0.2 ml of 10% SDS, the samples were vortexed vigorously and frozen and thawed once. This treatment was sufficient to lyse the cells.
The lysate was extracted twice with equal volumes of water-saturated phenol and once with ether, and the RNA was precipitated by the addition of sodium acetate to 0.3 M and three volumes of 100% ethanol. After 8 to 10 hr at -20 C, the precipitate was collected by centrifugation and resuspended either in TMS buffer, if the sample was to be assayed for ribonuclease-resistant RNA, or in 0.1 M Tris, pH 7.4, if the RNA was to be analyzed by sucrose gradient sedimentation.
Five milliliters of 5 to 20% (w/v) linear sucrose gradients in 0.1 M Tris, pH 7.4, were poured at room temperature and chilled to 4 C. RNA samples (0.1 ml) in the same buffer were layered on the gradients. The length and speed of centrifugation are designated in the figure legends for each experiment. All sucrose gradients were collected dropwise from the bottom of the centrifuge tube.
Preparation of 32P-labeled MS2. 32P-labeled MS2 virus was prepared by the method of Godson and Sinsheimer (8) .
Viral RNA synthetase assay. Cells which were to be assayed for viral RNA synthetase were disrupted by the Brij lysis method described by Godson and Sinsheimer (8) 
RESULTS
Growth and metabolism of uninfected kacteria in Miracil. The effect of Miracil D on the growth and metabolism of E. coli varies from strain to strain as well as in the same bacterial strain grown in different media (20) . Under different culture conditions, the same drug concentration may lyse the cells, halt cell growth without causing lysis, or have no apparent effect on the cells at all. Before examining the effect of Miracil on the MS2 infection process, we tested its action on E. coli MRE 600, a ribonuclease 17 strain (2), the strain to be used as host in subsequent MS2 experiments. Two differently supplemented minimal media routinely used for MS2 growth were used. In TPG-c with 15 ,ug of Miracil/ml, bacterial growth continues but is markedly inhibited. In the same medium with 25 jig/ml, the cells cease to grow after one generation, whereas in 35 ,ug/ml, no growth occurs after addition of the drug. In the second medium, TPA, Miracil at the same concentrations has very little effect on cell growth. When cultures grown in a glucose-salts minimal medium, TPG-minimal, or a complex medium, MS broth, were treated with Miracil, the results were the same as those observed in TPG-c. In both cases 35 ,ug/ml halted cell growth without causing lysis.
In each of these experiments, the pH of the medium was as described above. Similar results were obtained when the pH of each medium was varied from 6.5 to 7.8. Since small differences in pH might affect the solubility and hence the activity of Miracil, the pH of each medium was checked again immediately prior to addition of the drug to be certain no change had occurred during growth of the cells. We had found that the sensitivity of the cells to Miracil was inhibited by high Ca2+ concentrations (2 X 10-3 M); therefore all media contained only 10-4 M Ca2+ (see above).
In the presence of Miracil, incorporation of 3H-thymidine into DNA in cultures grown in TPG-c is normal for the first 5 min and then continues at a reduced rate (Fig. la) . At 35 jig/ml, the rate of incorporation decreases steadily for about one generation time, and after 40 min virtually no uptake occurs. Total synthesis in 40 min is approximately 10% of that in the untreated culture.
The inhibition of RNA and protein synthesis is more rapid (Fig. lb, c) 35 ,ug/ml, the final suppressed rate of RNA synthesis, about 5 % of that in an untreated culture, is achieved.) Incorporation of 3H-leucine is also reduced, but at 35 jAg/ml it is not as depressed as 3H-uracil incorporation.
Miracil at 15 and 25 ,ug/ml also inhibits bacterial macromolecular synthesis but to a lesser extent than at 35 jig/ml. The degree of inhibition with a given Miracil concentration is quite reproducible from one experiment to another.
Effect of Miracil on the MS2 infection process. For Miracil to be useful in studies of MS2 infection, it is necessary to use drug doses which reduce host RNA and protein synthesis to low levels but which do not severely disrupt the infection process. Figure 2 shows the effect of increasing Miracil concentrations on infective center formation and progeny phage yield when the drug is added 1 min after the addition of phage. Infective centers are slightly reduced at lower concentrations but drop off sharply between 30 and 40 jig/ml. This effect at higher concentrations has been observed repeatedly. The effect on phage yield is even more pronounced than the decline in the number of infective centers. The average burst size per infective center decreases exponentially with increasing drug concentration above 5 ,ug/ml.
We first studied the effect of Miracil on the early steps of infection-adsorption and penetration. RNA phage will adsorb to nonmetabolizing cells, either at 0 C or in the presence of metabolic inhibitors, but for the RNA to penetrate, cellular metabolic activity is required (4 The inhibitory effect on phage yield which is observed when Miracil is added early in infection is partially reversible. A culture was infected in the presence of chloramphenicol, washed, and resuspended. One minute later, Miracil (35 Ag/ml) was added (exactly as for the first time point in the preceding experiment), and at short intervals up to 20 min after addition of Miracil, samples of the culture were diluted 10,000-fold to reduce the drug concentration, incubated for 2 hr, and titered. In the sample which was diluted after exposure to Miracil for 1 min, the number of progeny phage produced was normal. This short incubation in Miracil is not completely without effect, however, since the lag period before the appearance of progeny phage is longer than in the control culture which was diluted just prior to the addition of Miracil. As incubation times in Miracil are increased to longer than 1 min, the phage yield begins to decrease; however, even after the infection has proceeded for 20 min in the presence of Miracil, partial recovery is observed since the phage titer in the culture which was diluted out of Miracil after 20 min was five times that of a culture which remained in Miracil during the entire 2-hr incubation period. To see whether alteration or degradation of the infecting RNA strand in the presence of Miracil might be responsible for the decreased parental RF formation, the RNA from the treated and untreated 12-min samples in the above experiment was analyzed by sucrose gradient sedimentation (Fig. 4) . The RNA from the culture without Miracil contains about twice as much ribonuclease-resistant material sedimenting in the viral replicative intermediate region from 16 to 25S as the Miracil-treated culture, but in all other respects the sedimentation patterns of the two RNA samples are very similar. Breakdown of viral RNA into slower sedimenting species and possibly limited incorporation of 32p into host RNA have occurred in both cultures; however, degradation of parental RNA is not unusual this late in infection, and the viral RNA from the Miracil-treated culture is not more extensively degraded than that from the untreated culture. If the drug causes minor alterations in the infecting RNA or binds to the RNA to interfere with its conversion to RF, the sedimentation properties of the parental RNA would not be expected to change markedly. The next experiment was designed to determine whether synthesis of both viral and complementary strands, represented by infective and ribonuclease-resistant RNA, respectively, could continue in the presence of Miracil. Samples were removed from an 3H-uracil-labeled, infected culture at intervals during infection. One half was assayed for infective RNA and ribonuclease-resistant material; the other half was treated with Miracil, incubated to 40 min postinfection, and then assayed for infectivity and ribonuclease resistance to see whether the number of viral and complementary strands had increased in the presence of the drug. Table 1 shows the results for infective RNA. Clearly, viral strand synthesis continues in Miracil. When the drug is added early in infection, only a limited increase is seen, but between 20 and 25 min postinfection, RNA synthesis escapes from the inhibitory effect and a normal amount of infective RNA is made. Table 2 shows that the amount of ribonuclease-resistant RNA also increases after the addition of Miracil; thus, complementary strand synthesis must also continue in the presence of the drug.
To see whether any of the virus-specific RNA species synthesized in the presence of Miracil differed from those found in its absence, the following experiment was done. An infected culture was divided at 8 min postinfection, and one half was treated with Miracil, 35 ug/ml. (Addition of Miracil at 8 min in this and the following experiment allowed penetration to be a The samples from the experiment described in the legend to Table 1 were also treated with ribonuclease to determine the amount of radioactivity which had been incorporated into ribonuclease-resistant material. The number of ribonuclease-resistant counts in each sample is expressed as a percentage (relative ribonuclease resistance) of the number in a culture at 40 min which had not been treated with Miracil.
I Time of sampling and of Miracil addition in minutes postinfection.
completed.) Both samples were labeled with 3H-uracil from 10 to 30 min postinfection. An uninfected culture was Miracil-treated and labeled at the same time to determine which bacterial RNA species were being synthesized under these conditions. Figure 5 shows the sedimentation pattern of the RNA from each culture. Host RNA synthesis at this Miracil concentration is only 5 to 10% of the rate in untreated cultures. Analysis of the RNA from the uninfected culture shows that 23, 16, and 4S all are produced in reduced amounts in the presence of the drug.
In the infected sample without Miracil, the 27S viral peak is distinguishable, and the position of replicative intermediate molecules in the 16 to 25S region can be detected by their partial resistance to ribonuclease but any other information about viral RNA species is obscured by the large amount of radioactivity in host RNA. In Miracil, virus-specific RNA species are readily distinguishable. Although the amount of 27S and double-stranded RNA is reduced compared to the untreated sample since Miracil was added so early in infection, the phage-specific RNA synthesized in the presence of the drug does not differ from that produced in its absence, at least with regard to sedimentation properties. (Due to the difference in scale in Fig. 5b and c The strong similarity between the time course of Miracil inhibition (Fig. 3) and the time course of RNA synthetase production (Fig. 6) Infected cultures with and without Miracil were assayed for synthetase activity at intervals during infection to test the possibility that the drug prevents formation of active enzyme rather than inhibits its activity (Fig. 6 ). Very little enzyme activity was present when Miracil was added, but by 20 min postinfection the level of activity in the Miracil-treated culture was almost equal to that in the untreated culture. What is striking is that the RNA synthetase activity in the preparation from the Miraciltreated culture drops off sharply after 20 min, whereas that in the control without Miracil remains constant. This is not due to selective lysis of infected cells in the Miracil-treated culture and loss of the synthetase into the supernatant fluid, since the cell count remained constant. Thus it seems possible that the presence of Miracil during production of the RNA synthetase may cause some alteration in the activity of the enzyme. Miracil. E. coli cells were grown to 4 X 108/ml in TPG-c and infected with MS2 at a multiplicity of 2. At 8 min postinfection, the culture was divided and Miracil, 40 ,ug/ml, was added to one half. At (20) , its inhibitory effect on protein synthesis in vivo is probably secondary, resulting from depletion of cellular messenger RNA.
The inhibitory effect of Miracil varies widely when cells are grown in different media. The effect is unrelated to bacterial growth rate since the drug works equally well in minimal and in complex media. Nor are pH differences (in the range 6.5 to 7.8) responsible for the variation. The sensitivity of cells to Miracil is, however, at least partly dependent on the ionic composition of the medium. It is interesting, with regard to our observations on the effect of Ca2+ that the inhibitory effects of Miracil D are also prevented by polyamines (20) . The concentrations of divalent cations, phosphates, and possibly other salts as well appear to play a complex role in determining cellular susceptibility to Miracil probably by altering the permeability characteristics of the cells.
Miracil appears to inhibit the MS2 infection process at two different steps. When the drug is added prior to infection, viral RNA penetration is suppressed; however, this effect is easily avoided by synchronizing the infection in chloramphenicol before adding Miracil. The exact nature of the second effect, which inhibits a function required between 0 and 20 min of infection, remains unclear. Although viral RNA synthesis is reduced in the presence of Miracil, neither double-nor single-stranded RNA synthesis is specifically affected, and the viral RNA species which are synthesized are the same as those produced in the absence of the drug. Especially notable is the absence of a large peak of ribonuclease-resistant material at 6 to 1Os, such as is found when MS2-infected cells are treated with actinomycin D (9) .
In Miracil-treated infected cultures (cf. Fig. 5 ), there is a small peak of ribonuclease-resistant RNA at 4 to 6S. A portion of this is probably attributable to the partial ribonuclease resistance of soluble RNA (16) ; however, the number of ribonuclease-resistant counts at 4S in the infected culture is increased several-fold over the number in the uninfected culture; a small amount of 6S material might be present in the leading VOL. 9, 1972 edge of the 4S peak. Samples taken as late as 60 min after infection show no increase in the proportion of this small ribonuclease-resistant RNA.
Since Miracil can bind slightly to RNA (20) , it may inhibit some step in the MS2 infection process by binding to single-or double-stranded viral RNA. According to the time course of inhibition, the drug interferes with an early stage of infection and apparently does not affect the messenger activity of the RNA or maturation and assembly of the phage particles. Small amounts of drug might be associated with the viral RNA species and prevent either replicase binding or activity, thereby disrupting RNA replication. The fact that even very high concentrations of Miracil have no effect on triphosphate incorporation when the replicase is assayed in vitro argues against this possibility. However, since a cell lysate was the source of enzyme and template, we can conclude only that Miracil does not interact directly with either enzyme or template to inhibit replicase activity; we cannot conclude whether it interferes with enzyme binding or initiation.
Miracil appears to have a marked effect on the activity of the viral RNA svnthetase produced in its presence (Fig. 6 ). Since these enzyme assays were also performed on whole cell lysates, several variables (e.g., decreased endogenous template concentration, variations in nuclease activity, etc.) might be responsible for the drop in enzyme activity after 20 min in Miracil. It seems im,probable that the loss in activity at later times of infection results from the binding of drug to template. If this were the case, inhibition should also be observed at earlier times, when the ratio of drug to viral RNA species should be much higher. Although these data are not inconsistent with the possibility that Miracil somehe.w alters the viral RNA synthetase, much more detailed studies on the enzyme synthesized in the drug's presence would be required before it could be cited as the target of Miracil action.
It is interesting to note that addition of two other drugs which inhibit bacterial RNA synthesis-actinomycin D and rifampin-during the first few minutes after infection with RNA phage also inhibits the progeny phage yield, presumably because some host component or components required for infection are not being synthesized in their presence (1, 7, 9) . Prime candidates for such components would be host factors similar to those which are required for normal activity of the Q3 RNA synthetase (6) .
The mode of action of Miracil might be similar to that of the other two drugs. Indeed, if host factors required for the viral replicase were not synthesized in sufficient quantities or were abnormal in the presence of Miracil, this would explain why the enzyme which is made is unstable.
Despite the fact that Miracil has an inhibitory effect on the MS2 infection process, it is a useful tool for suppression of host RNA and protein synthesis during studies of RNA phage replication (3). Virus-specific functions apparently are unaffected when the drug is added later than 20 min postinfection. Addition before this time reduces the amount of phage-specific RNA synthesis and inhibits progeny phage production, but these effects are reversible, and the virusspecific species which are made-almost certainly the RNA and probably the protein-do not differ significantly from those made in the absence of the drug.
